Abstract: We present a broad-band, continuous-wave spectral approach to quantify the baseline optical properties of tissue and changes in the concentration of a chromophore, which can assist to quantify the regional blood flow from dynamic contrast-enhanced near-infrared spectroscopy data. Experiments were conducted on phantoms and piglets. The baseline optical properties of tissue were determined by a multi-parameter wavelength-dependent data fit of a photon diffusion equation solution for a homogeneous medium. These baseline optical properties were used to find the changes in Indocyanine green concentration time course in the tissue. The changes were obtained by fitting the dynamic data at the peak wavelength of the chromophore absorption, which were used later to estimate the cerebral blood flow using a bolus tracking method. 177-196 (1994). 7. D. G. Nabavi, R. Dittrich, S. P. Kloska, E. M. Nam, E. Klotz, W. Heindel, and E. B. Ringelstein, "Window narrowing: a new method for standardized assessment of the tissue at risk-maximum of infarction in CT based brain perfusion maps," Neurol. Res. 29(3), 296-303 (2007). 8. M. Diop, J. T. Elliott, K. M. Tichauer, T.-Y. Lee, and K. St Lawrence, "A broadband continuous-wave multichannel near-infrared system for measuring regional cerebral blood flow and oxygen consumption in newborn piglets," Rev.
Introduction
Near infrared spectroscopy (NIRS) [1] can be used to measure absolute concentrations and changes of endogenous chromophores such as oxy and de-oxy hemoglobin and exogenous ones such as Indocyanine green (ICG) [2] . ICG is a near infrared light absorbing dye which has many clinical applications. To measure absolute optical properties, frequency domain [3] and time domain [4] systems were proposed. In our recent phantom study [5] we have shown that multichannel broadband NIRS can measure optical properties of a two-layer highly scattering medium with the thickness of the top layer close to the adult skull thickness. This method was a generalization of the second-derivative approach proposed earlier by Matcher et al. in [6] . In the present work we further develop the method of [5] to measure both the baseline optical properties of head tissues and changes in the ICG concentration (in vivo). The main methodological challenge of the in vivo tissue measurement compared to the phantom study was a larger number of chromophores. To demonstrate the clinical potential of our method we use the baseline optical properties to measure the time varying concentration of ICG in the animal brain and then use it to measure cerebral blood flow (CBF) by a bolus tracking technique [7, 8] . For validation, the CBF values obtained by NIRS were compared to values obtained with perfusion computed tomography (pCT).
Materials and methods

Animal experiment
The study was approved by the Animal Use Subcommittee of the Canadian Council on Animal Care at the University of Western Ontario. Piglets were tracheotomized and mechanically ventilated while anaesthetized by isoflurane. Cannulas were inserted into each ear for injection of the NIRS and CT contrast agents. An additional cannula was inserted into a femoral artery to allow blood samples to be collected for gas and glucose analysis.
Following the surgical procedure, animals were allowed to stabilize for 1 h before BF measurements were collected.
Near-infrared spectroscopy and CT data were collected concomitantly. Cerebral blood flow (CBF) was measured using a bolus-tracking method that requires an intravenous bolus injection of ICG (0.1 mg/kg), followed by continuous measurements of the time-varying concentrations of ICG in arterial blood and brain tissue. Computed tomography images of CBF were acquired using a LightSpeed QXi multislice CT scanner (GE Healthcare, Milwaukee, Wisconsin) upon injection of 1.0 ml/kg of the iodinated contrast agent iohexol (300 mg I/mL; Omnipaque TM, GE Healthcare, Waukesha, Wisconsin).
Near-infrared spectroscopy
An in-house-developed continuous-wave broadband spectrometry system was used to collect the near-infrared data [8] . The main components of the system included an illumination unit and a spectrometer consisting of a holographic grating and a cooled charge-coupled device (CCD). The illumination unit was 50 Watts quartz, halogen light bulb that was band-pass filtered to remove light outside the 600 to 1000 nm range. The filtered light was coupled to a 2-m fiber optic bundle (emission optode) with a numerical aperture of 0.55 and a 3.5 mmdiam. active area. The opposite end of the emission optode was placed on the scalp of the animal and held in position by a specially designed flexible probe holder. Another optical fiber bundle (detection optode) with the same specifications as the emission optode was positioned at 2.7 cm distance from the emitter to collect light that traveled through the tissue. Light collected by the detection probe was recorded at intervals of 200 ms.
Algorithm
The light propagation in a turbid medium can be described by radiative transfer theory [9, 10] which in the present application can be reduced to the diffusion approximation [11, 12] . Since the extra-cerebral tissue layer in newborn piglets was very thin (1-2 mm), we could approximate the head as a homogeneous medium.
There is a solution for semi-infinite homogeneous media which defines the continuouswave photon flux as the following [13] : 
It is assumed that all the incident photons are initially scattered at the same depth 0 z and b z is the negative image source some distance beyond the physical surface so that the fluence 
where the quantities in square brackets represented the concentration of oxy and deoxyhemoglobin and ( ) ε λ represented their molar extinction coefficients respectively. 
were compared with the derivative of theoretical absorbance, calculated as described above and also the second spectral derivative of the absorbance A were compared with the derivative of the theoretical absorbance using the modified Beer Lambert law (MBLL):
where DPF is the differential path length factor [16] , L is the physical source detector distance, C ∆ is the change in concentration, A ∆ is the change in attenuation, and ε is the extinction coefficient.
The objective function of the fitting procedure was the norm of residuals for the measured and computed absorbance spectra. The spectral intensity measurements at 2.7 cm sourcedetector distance were used to obtain the optical properties of the tissue. In this study we used the first and second spectral derivatives of experimental absorbance. The use of the absorbance ( ) A λ , which includes the reference signal eliminated instrumental spectral artifacts and the use of first derivative spectra eliminated unknown factors in source-tissue and detector-tissue couplings, also it helped to magnify the spectral features. The tissue ICG concentration time course was estimated assuming that other parameters remain constant and CBF was obtained using the following equation: , and it has the initial value of one, and it decays afterward [17] . By using a deconvolution routine between the two curves of tissue and arterial ICG concentration time course, the IRF curve can be characterized, where the initial height of that corresponds to the CBF and the area under the curve to the CBV [18] . The deconvolution was applied to each set of ( ) a C t and ( ) tis C t curves individually. The algorithm used physiologically derived constraints to stabilize the retrieved flow-scaled ( ) R t function [19] .
Results
In order to test our setup we performed experiments with 10% milk as a phantom medium, at two different geometries: an infinite medium and semi-infinite medium (with the boundary condition). Since the NIR absorption of fat was much smaller than the absorption of water, we assumed that the absorption in the phantom medium was only due to the water and the role of the fat was purely scattering. The reduced scattering coefficient s µ ′ was measured 3.6 1 mm − which was the same value for both of the geometries, Fig. 2(a) and Fig. 2(b) . After dilution of the milk (5 times with water), the s µ ′ value reduced to 0.9 mm -1 [ Fig. 2(c) ], which was 4 times less than s µ ′ for the original 10% milk. This showed a good sensitivity of the system to the scattering properties of the medium.
In order to obtain the baseline optical properties of head tissue, we measured the reflectance NIR spectra of the piglets' heads and of the pigs open brain after the craniotomy (the probes were placed on the surface of the brain in vivo). data fit concentration was obtained 79% ± 2% which was close to the known value of 80% for juvenile pigs [16] . Figure 4 . shows the first derivative spectrum of the attenuation of the brain and the fit obtained using the diffusion equation for semi-infinite uniform model at two conditions (baseline and occlusion). The recovered parameters of the fits are shown in Table 2 . The obtained water concentration values were in a good agreement with other studies [6, 20] , which gives the average value of 85% for water concentration in the newborn brains.
The obtained values of reduced scattering coefficient s µ ′ were also in a reasonable agreement with the values obtained by Fantini et al. [21] for human subjects using frequency domain technique. In order to validate our results obtained using the first derivative fit of absorbance by the diffusion equation solution, we also used the second derivative fit of absorbance by the modified Beer Lambert law. Considering a semi-infinite geometry, the medium DPF was calculated using the following equation [22] . where ρ is the source detector distance and 0 a µ is the absorption coefficient at the base line, then we can calculate s µ ′ values by using DPF values which we obtained along with deoxyhemoglobin and water concentration from the second derivative approach. Note that the second derivative approach provides no information about the oxy-hemoglobin concentration value, since the second derivative of the oxy-hemoglobin spectrum does not have any prominent spectral features; hence we used the concentration of oxy-hemoglobin from the first derivative approach to calculate the baseline absorption coefficient 0 a µ . Table 3 shows the results of the comparisons between the two approaches. Using measured values of the piglet's brain optical properties, one can recover the ICG time course curves from the signal changes around 810 nm, which corresponds to ICG's absorption peak. Figure 5 . shows examples of ICG time traces. These traces were processed with a de-convolution routine to obtain CBF values shown in Table 2 along with the blood volume and the mean transit time. Table 4 shows the comparison of the average cerebral blood flow over a range of hemodynamic conditions with the computed tomography (CT) results as a gold standard (clinically approved and validated technique to measure CBF [23, 24] ). 
Discussion
Previously we tested our broadband continuous-wave approach in a phantom study [5] , in which we were able to reconstruct the concentration of the chromophore (carbon black) of homogenous phantoms with the accuracy better than 4% and the values of reduced scattering coefficient with the accuracy 5-10%. In the present study we applied our method in vivo. We have demonstrated the feasibility of a broadband continuous-wave spectroscopy technique to obtain baseline optical properties of a homogenous tissue (newborn piglets' brain) in vivo and to reconstruct the ICG concentration changes in the respective tissue with a reasonable accuracy. The use of spectral derivative was very important for the enhancement of the chromophore spectral features and elimination of the source and detector-surface coupling artefacts, which could cause vertical shifts of the absorbance spectral curves. The advantage of using first derivative of the absorbance was that the concentration of chromophores with less pronounced or broad spectral features, such as oxy-hemoglobin, could be well determined. The required priors for this study were the extinction coefficients spectra of physiologically important chromophores existing in the tissue, as well as ICG's, as an exogenous chromophore. The focus of this work was to model the wavelength dependent effects of scattering, which let us using both first and second spectral derivatives of absorbance data for the analysis. The differential path length factor (DPF) in the brain tissue was obtained 3.57 0.12 ± from the second spectral derivative technique, which was in good agreement with the previous reports of DPF values in the piglet's brain [25] . In addition we obtained an average cerebral water concentration of 84.3% 0.5% ± which was an additional constraint in the first derivative process to obtain more accurate values of reduced scattering s µ ′ . It is evident that water concentrations from both 1st and 2nd derivative technique were in agreement with other studies [16] . We used ICG bolus tracking method to measure CBF which was similar in principle to the contrast-enhanced CT and MRI techniques [26] .
The value of the reduced scattering coefficient near 800 nm produced the strongest effect on the recovered values of the ICG concentration. On the other hand, the measurement of the scattering properties could not be separated from the measurement of all chromophore concentrations. We obtained the concentrations of oxy-, and deoxy-hemoglobin and water close to those obtained by the frequency-domain technique [3] . In addition, our values of reduced scattering coefficients of the brain tissue (for 27 mm source detector distance) were in the same range obtained by Fantini et al. using frequency domain technique [23] . Moreover, using the baseline parameters, we obtained relatively accurate ICG concentration values, which resulted in reasonable values of CBF.
Conclusions and future work
We obtained reasonable in vivo values of oxy-and deoxy-hemoglobin and water concentrations compared to other studies and techniques. Using our recovered temporal changes of ICG concentrations with a bolus tracking method, we obtained reasonable CBF, CBV and MTT values according to the respective hemodynamic conditions. Both second derivative, using MBLL, and first derivative, using diffusion equation produced similar baseline values of deoxy-hemoglobin concentrations, which indicated that there was no influence of possible artifacts in our reference signal. Obtaining the values of reduced scattering coefficient and water concentration independently from the first derivative was quite difficult but using the second derivative approach to obtain the water concentration made the values of reduced scattering coefficient more reproducible and reasonable. Our phantom experiment showed a good sensitivity of the system to the scattering properties of the medium.
In the future we plan to perform a more detailed analysis of different factors on the accuracy of measured CBF, such as the required accuracy of the extinction spectra, of the baseline optical properties and the actual shape of tissue layers. Moreover, we will apply our broadband fitting technique, which was earlier successfully tested on the two-layer tissue phantoms, to multilayered geometry of the adult pig head with non-negligible extra cerebral layers and ultimately hope to achieve an adaptation to human studies.
